Piezoceramic-based smart aggregate has been widely used to evaluate early-age concrete strength and to detect damage in concrete structures. In these structural health monitoring systems, they are generally verified and calibrated through experiments under load-free condition. However, the stress levels of actual concrete members are different. The microstructures of concrete will change with the variation of external load, and the high-frequency waves used in the monitoring system may be highly sensitive to these changes. In this study, the effects of axial compressive loading on the monitoring results are investigated. Specifically, three loading cases, that is, single cycle load, cyclic load, and step-by-step load, are employed to stress the concrete specimens embedded with smart aggregates. The amplitude and velocity of monitoring signals were measured before, during, and after each loading case. The test results show that the axial load lower than 30% of failure load still have a significant impact on the received signals. The amplitude attenuation is dependent on both frequency and load history, while the velocity is highly stress-dependent. The results indicate that the baselines of monitoring signals obtained from the same concrete structure in its healthy state can vary under different stress levels. The axial load variation should be carefully considered during the monitoring process. This study also provides a potential method to assess stress state in concrete structures using smart aggregates.
Introduction
Premature failure of important structures, such as high-rise buildings, long-span bridges, and dams, greatly threatens people's lives and safety. By far, numerous structural health monitoring methods have been proposed to assess the service performance and damage condition of concrete structures caused by insufficient durability or such extreme events as hurricanes, earthquakes, and impacts. [1] [2] [3] [4] [5] Among these monitoring methods, those using piezoelectric transducers have been successfully applied to damage identification, localization, and recovery monitoring of concrete members, which are mainly based on wave propagation theory. [6] [7] [8] Specifically, ultrasonic waves propagating in concrete will experience refraction, reflection, and scattering determined by the material condition in propagation path. Through analyzing the response signals captured by piezoelectric sensors, the damage conditions along the propagation path can be identified.
Piezoelectric materials have been used to identify damage in concrete structures in many studies. [9] [10] [11] [12] Among them, smart aggregate (SA) is a newly developed sensor used in structural health monitoring (see Figure 1 ). A lead zirconate titanate (PZT) patch with waterproof coating is sandwiched between the marble cube pair through epoxy to form a SA, 13 which can be regarded as a normal coarse aggregate in concrete. It has been experimentally validated to use SAs in monitoring concrete hydration process, 14 water seepage depth, 15,16 1 and damage caused by cyclic combined loadings or seismic excitations. 17, 18 In these monitoring methods, SAs are generally embedded in concrete as a matrix and a typical monitoring system is shown in Figure  2 . 8, 15, 17, 19 A signal generation device is used to generate sweep sinusoidal/harmonic/pulse voltage signals. These voltage signals, if needed, can be further amplified by a power amplifier to drive the SA actuator embedded in concrete. Corresponding stress waves are produced by the actuator due to the inverse piezoelectric effects and then the waves will propagate through the concrete. Other SAs can be used as sensors to capture these stress waves and turn them into voltage signals based on piezoelectric effects. Finally, these voltage signals are transferred to a storage device. Gu et al. 20 proposed an innovative piezoelectric-based method to monitor the strength development of earlyage concrete by observing the amplitude development of the recorded signals. It is found that the amplitude of sensing signal decreases monotonously with curing time in the lab. This method needs further experimental verification to be used in in situ monitoring. The reason is that for most experimental verifications in laboratory, some influencing factors which exist in in situ monitoring, such as environmental, boundary, and loading conditions, can be effectively controlled. However, these factors may introduce significant effects during the monitoring process. [21] [22] [23] Specifically, it did not take the construction load into consideration during monitoring process. Taking a high-rise building as an example, the early-age concrete monitoring in important columns downstairs is subjected to many load increments during construction stage. 24 At structural level, if the stresses of all concrete members are within the elastic range, it is generally accepted that there is no destructive damage and the concrete structure is safe. Under this condition, the monitoring signals are expected to be constant or fluctuating within a specific range, which represents a healthy condition. However, the influence of the load variations on non-destructive monitoring signals using piezoelectric transducers has not been well understood. Although concrete can be taken as a homogeneous material in structural analysis, it is intrinsically a kind of heterogeneous material with randomly distributed aggregates, and thus, different cracks/pores exist in concrete even before any loading. 25 The load variation on concrete can directly induce micro-cracks open or closure which changes the original cracks/pores size distribution in concrete. 26 Since high-frequency waves propagating in concrete are sensitive to the size and distribution of the cracks/pores in concrete, the monitoring signals and derived indices may change significantly due to these micro-cracks open or closure induced by load variation in elastic range.
For example, Yan et al. 17 and Gu et al. 18 conducted experimental investigations on damage detection of reinforce concrete shear wall or circular column under cyclic loading, respectively. During their tests, the shear walls or columns were vertically preloaded to simulate up load and then a horizontal load was applied to damage the member. Finally, they evaluated the damage index development with the loading history and attributed this development totally to the damage induced by lateral load. In their studies, the baselines of monitoring signals obtained in healthy state were not clearly identified. The assumption was demonstrated to be inappropriate that the monitoring signals are constant before applying horizontal load. The error in choosing the baseline can directly lead to miscalculate damage index. On the contrary, Lillamand et al. 27 used the influence of axial loading on ultrasonic wave velocity in concrete to evaluate stress level of concrete and found that the velocity increases with the increase in the compressive load.
To further investigate the effects of stress on the monitoring signals, several loading cases were employed to apply on concrete specimens embedded with SAs. An SA-based monitoring system was used to examine the monitoring signals. It is observed that the amplitude of monitoring signal varies obviously in several hours even under constant loading or after the load was removed. The results provide a reference for choosing appropriate baseline signals in practices. It is also found that the wave velocity transferring in concrete is highly stress-dependent, which has a great potential for measuring stress level in concrete structures. The experimental results demonstrate that the load variation in elastic range still has a significant impact on monitoring signals using SA-based monitoring system.
Experimental set-up

Concrete mix design and specimens
The concrete mix proportions are shown in Table 1 . Two mix ratios M-1 (C50) and M-2 (C25) are considered in this test. The M-1 is commercial concrete provided by Shenzhen Antuoshan Concrete Co., Ltd, and the M-2 is fabricated in the lab. Three (C1-C3) and two (C4, C5) concrete specimens, which are 100-mm long, 100-mm wide, and 400-mm high, were cast with M-1 and M-2, respectively. For each specimen, a pair of SAs was embedded in concrete as shown in Figure 3 . The distance between SA and the corresponding end is 150 mm and that between two SAs is 100 mm. This arrangement can minimize the adverse effect of stress concentration on the monitoring system during loading process. In addition, twelve 100 mm 3 cubic specimens for each mix were cast to evaluate the strength development of concrete. The results are shown in Table 2 .
Testing device and method
Testing devices are shown in Figure 4 . An electronic universal loading machine (Crims DNS300) with a capacity of 300 kN was used to load the concrete specimens. Three loading cases, that is, single cycle load (see Figure 5 (a)), cyclic load (see Figure 5 (b)), and step-bystep load (see Figure 5 (c)), are used in this study to represent the simple load, repeated load, and increasing step load, respectively. During the loading process, the harmonic and pulse voltage signals are generated in turn by a signal emission device (Agilent 33210A) to drive the SA actuator. The response signals are captured by the SA sensor and then these signals are transmitted into an oscilloscope (Tektronix MDO3024). In addition, the stability of the monitoring system has been verified before the test was conducted. An air conditioner was employed to control the temperature in the lab, and the temperature is around 20°C during the whole test. It is found that influence of environmental conditions in the lab on monitoring signals was negligible.
All test samples were cured in a standard condition for 28 days and then were moved out into the lab waiting for test. Before any load was applied, the baseline of amplitude and velocity of the wave propagation signals were obtained. Then, the load was applied on three concrete specimens (C1, C2, and C3) according to the designed single cycle load history. As shown in Figure 5 (a), the concrete specimens were first loaded with a rate of 80 N/s in 30 min to 160 kN and then this load level was maintained constant for 4 h. After that, the specimens were unloaded with the same rate of 80 N/s, and the unloading process finished in 30 min. Finally, the concrete specimens were kept without load for 4 h. With regard to the data acquisition frequency, the data were recorded at 5, 15, and 25 min during the loading and unloading processes and were recorded per 10 min in first hour and then every 60 min in following 
h during the constant load and zero-load processes.
It should be noted that the maximal load is 160 kN, which is less than 30% of the ultimate load of the concrete specimens. The reason is to keep the loaded concrete in the elastic stress stage, that is, healthy state.
In the cyclic load test, the concrete specimens (C1, C2, and C3), which have been tested in single cycle load test, were initially loaded with a displacement rate of 0.3 mm/min to 5 kN and then this load was maintained for 10 min before the load increases to 160 kN with a rate of 5 kN/s. The loads on concrete specimens were kept constantly at 160 kN for 10 min and then the load decreases to 5 kN with a rate of 5 kN/s. Till now, the first cycle has completed. A total of 20 identical load cycles were used for the cyclic load case. At each 10min constant load step (5 or 160 kN), the monitoring system was test-operated and the response signals were collected. It should be noted that the reason to select the loading rates as above is to find an optimal strategy based on the consideration of overall loading duration, stable loading/unloading processes, and the specification of the loading machine.
A similar test procedure was used in step-by-step load test. As shown in Figure 5 (c), the step loads include 0, 5, 20, 40, 60, 80, 100, 120 kN, and so on and ultimate load. For each loading and unloading step, the displacement rate is taken as 0.5 mm/min. The load at each step was kept constant for 20 min. The response signals generated from the transmitting signals were collected at each step.
In this test, the 50, 80, and 100 kHz harmonic drive signals and pulse drive signals with 5 ms plus width were used to assess the effect of load history on amplitude and velocity of stress waves propagating in concrete, respectively. The amplitude of both drive signals is 10 V. A typical harmonic sensing signal was shown in Figure 6 . After using the adaptive threshold method in MATLAB to reduce environmental noise, 28 the received signal with 10 cycles is fitted to a sine function as given in equation (1) 
where A is the amplitude of monitoring signal, f is the frequency, c is the initial phase, and h is the offset distance. For pulse drive signals, a typical sensing signal was shown in Figure 7 . The first arrival time method was used to determine the velocity of stress wave 29
where V is the equivalent velocity of transferring waves in concrete, L is the distance between SA actuator and sensor, t 1 is the first arrival time of response signals output by the sensor, and t 2 is the starting time of pulse drive signals output directly by the signal emission device.
Results and discussion
Single cycle load
The amplitudes of monitoring signals with different frequencies (50, 80, and 100) are shown in Figure 8 . It can be seen that the load history, even at the elastic stress stage, has a significant impact on the amplitude of received signals. At the loading and unloading stages, the amplitude fluctuates irregularly and sharply. It indicates that it is hard to capture effective information to assess the actual condition of concrete members during loading and unloading processes. Taking a health monitoring system of actual engineering structure in service as an example, the change in amplitude of monitoring signals may be caused by the load variation rather than damage in concrete. Furthermore, even if the damage occurred, which need to be identified, the signals may be smeared by the changes induced by the load variation. At the microcosmic and meso-levels, concrete is a kind of extremely heterogeneous material, normally composed of mortar, aggregate, and interfacial transition zone (ITZ). When a variable load, even in small scale, is applied to the concrete member, it leads to the change in its internal structure, that is, the opening and closure of micro-cracks with stress redistribution. There are mainly two reasons which caused the sharp amplitude fluctuation of monitoring signals during the loading and unloading process. One is the stress redistribution between SA and around mortar. This dynamic interaction leads to irregular voltage signals due to the direct piezoelectric effect. The other is the acoustic emission effect caused by the opening and closure of cracks. The SA sensors receive these acoustic signals as well as the sensing signals, which complicate the wave forms. It can also be found that the amplitude varies with time during the constant loading and no load stages. In most conditions, the amplitude decreases obviously in first hour and then tends to be stable under a constant load. Although the load applied on concrete specimen is constant in 4 h, the stress on cross-section is not uniform at the beginning. The stress redistribution, together with cracks opening and closure, keeps occurring until the concrete reaches a uniform and stable stress state. Apparently, the amplitude of monitoring signals is more stable after long enough time with constant loading. For the no load stage, the amplitude variation appears to be frequency-dependent. The amplitude decreases with time for 50 kHz monitoring signals and increases for 80 and 100 kHz signals. After the load is removed, the concrete will experience an instantaneous elastic recovery and a slow creep recovery. The elastic recovery finishes in several seconds, while the creep recovery needs much longer time, such as dozens of days, to totally finish. 25 These recoveries may change the pore/crack size distribution in concrete. It is well known that the attenuation of stress waves propagating in a porous media is affected by the pore or crack size. The maximal attenuation appears when the pore size is close to the wave length. Obviously, this will lead to different amplitude variations of the signals with different frequencies under the same change in pore/crack size distribution.
The monitored amplitudes at specific loading steps (A-E) are given in Table 3 , and the positions of A-E are illustrated in Figure 8(a) . The maximal amplitude variation reaches 24% (50 kHz), 38% (80 kHz), and 38% (100 kHz) at the constant loading stage and 32% (50 kHz), 21% (80 kHz), and 100% (100 kHz) at the no load stage. By comparing the monitored amplitudes before and after the single cycle load history, most amplitudes are decreased due to the change in its internal structure caused by the loading. The amplitudes of C1 decrease by 45% (50 kHz), 57% (80 kHz), and 50% (100 kHz); the amplitudes of C2 decrease by 9% (50 kHz), 58% (80 kHz), and 67% (100 kHz); and the amplitudes of C3 decrease by 19% (80 kHz) and 73% (100 kHz). It can be concluded that the monitoring indices may change significantly with no obvious damage.
The wave velocity is another important index which can reflect the mechanical condition of the material between actuator and sensor. It is observed in Table 4 that the stress wave propagates faster in concrete under compression than in unstressed concrete. Compared with the sharp amplitude variation during constant loading and no load stages, the velocity shows a good stability in each 4-h interval. The velocity appears to be highly stress-dependent. When a compressive load was applied to the concrete in the elastic stress range, the concrete compactness increases, and this facilitates wave propagation. After the load was removed, the velocity showed an obvious stable decrease compared with that before loading. It indicates that the velocity is mainly sensitive to the instantaneous elastic recovery, instead of creep recovery.
Cyclic load
For each loading step, the obtained amplitudes are shown in Figure 9 . It is observed that, in a majority of tests, the amplitude obtained at 160 kN first decreases and then tends to be stable after a few cycles, which is consistent with the amplitude development under constant loading in the signal cycle load case. Although the cycles, loading to 160 kN and unloading to 5 kN repeatedly, were expected to change the microstructures in concrete more seriously than that under the single cycle load, 30 the amplitude obtained at 160 kN in each cyclic loading step does not change much, compared with that obtained in the single cycle load scenario. It is also found that the amplitudes obtained at 160 kN develop smoothly and are generally higher than that obtained at 5 kN except two cases using 80 kHz drive signals.
When the load decreases from 160 to 5 kN and remains the same in 10 min, an elastic recovery mainly occurs in concrete. This recovery changes the pore/ crack size distribution in concrete, 31 and it can be found that the amplitudes obtained at 5 kN generally decrease first and then increase or become stable after a few cycles. There exists a critical point which stands for the contrary effect of accumulated damage on amplitude development at 5 kN. It is shown that the accumulated damage induced by cyclic loading from 160 to 5 kN does not always lead to an increase in attenuation. This is similar with the amplitude development in 4 h after the load was removed in single cycle load test. The change in microstructure of concrete induced by the elastic stress in structural analysis can affect the amplitude of monitoring stress waves significantly, and this effect is not consistent for different situations. It depends not only on stress amplitude but also on load history and drive signal frequency.
The velocities obtained at 1st, 5th, 10th, 15th, and 20th cycle are shown in Figure 10 . It can be seen that the velocities obtained at 160 kN in different cycles are close to each other, and they were stable for each specimen. The maximal velocity variations are only 1.1% (C1), 0.33% (C2), and 0.59% (C3) within 20 cycles. On the contrary, the velocities obtained at 5 kN decrease obviously in the first few cycles and then tend to be stable. It indicates that the velocity is dependent on both stress amplitude and history. The micro-damages accumulate in the initial loading cycles, and these damage starts to play an important role when the load decreases from 160 to 5 kN.
According to the acoustoelasticity theory, it is generally accepted that the wave velocity is linearly related to the stress state of a heterogeneous material. This has been proved by experimental investigations using polystyrene and glass. 32 With regard to concrete, Lillamand et al. 27 conducted a compressive test to observe the variation of the ultrasonic wave velocity under a monotonic increase in uni-axial loading, which demonstrates the feasibility of using ultrasonic velocity to assess the compressive stress level of concrete. This conclusion is consistent with what we derived from the test results of above-mentioned single cycle load case. There exists a stable relationship between velocities and stress levels, that is, 160 and 5 kN. However, for the cyclic load case, the nonlinearity between velocity and stress level induced by damage accumulation is evident; it indicates that the stress evaluation using wave velocity is insufficient for concrete structures under cyclic loading.
Step-by-step load Concrete specimens (C4 and C5) were loaded step-bystep and until crushed with ultimate loads, that is, 175 kN for C4 and 167 kN for C5. As shown in Figure 11 , there is no consistent relationship between amplitudes and unloading steps for different specimens or monitoring signals. Although the amplitude can be considered as chaotically decreasing with loading value for some monitoring cases, for example, 50 kHz (C4 and C5) and 80 kHz (C4), it is hard to reach an agreement on the other monitoring cases. When a step load was applied on concrete and then removed, followed by the next increasing step load, the change in microstructure of concrete is very complex and thus hard to identify. For each step load, the concrete was elastically shortened followed by a creep shortening for 20 min before the load was removed. After another 20 min, the next step load was applied to the concrete, when the elastic and creep recovery did not finish. This further complicates the pore/crack size distribution and the wave propagation in concrete. Due to the higher frequency signals being more sensitive to the change in pore/crack size distribution, the irregularity of amplitude with regard to step load is more obvious for higher frequency monitoring signals. On the contrary, the influence of step loads on wave velocity is clear (see Figure 12 ). During the loading steps, the velocity is almost linearly proportional to the step load values below 120 kN, while the decrease becomes very sharp when the step load values are over 160 kN. Similarly, for the unloading steps, the velocity decreases almost linearly with a certain gradient until a ''turning point,'' that is, 140 kN, when it starts to decrease sharply.
Discussion
The fundamental assumption of this article is that the compressive stress can change the microstructure of concrete and thus influence the high-frequency wave propagation in concrete. The following analysis has been made to support this assumption. Practically, the load applied on concrete may lead to microstructure variation including crack expanding or closure, which causes the change in permeability of concrete indirectly. That is to say, the change in permeability of concrete can at least partially represent that change in microstructure of concrete. As reported by Kermani, 26 the permeability coefficient of normally mixed concrete decreases from above 4 to nearly 2 (m/s) 3 10 214 when the stress level increases from 0 to 0.3. The coefficient decreases by around 50%, and it indicates that the existence of stress results in a significant change in microstructure of concrete even in the elastic stage. On the contrary, some reported experimental investigations only showed a moderate instead of significant effect of compressive stress on permeability during elastic stress stage. According to Choinska et al.'s 31 report, the decrease in permeability is less than 20% of initial value when the applied stress is at 30% of peak stress. In addition, the permeability variation only represents the influence of stress on intercommunicating pores in concrete. There are also larger numbers of closed pores existing in concrete. If the stress causes a change in intercommunicating pores, similarly, the size, position, and so on. of closed pores are also changed. Therefore, the applied stress do cause change in microstructure of concrete during elastic stage and the stress wave transferring in concrete is sensitive to this change. It should be noted that the confirmation of the microstructure of concrete can be traditionally achieved through the coring of the materials and microscopic analysis. However, the microstructure of the coring samples from loaded concrete will be significantly changed under unstressed state, due to the recovery of change in microstructure. In future study, we will examine the microstructure change of concrete using computed tomography (CT) scanning method.
In general, the crack development under load in concrete can be divided into three stages. In the first stage, micro-cracks in ITZ expand slowly, and a larger number of micro-cracks perpendicular to load direction close when the applied load is less than 30% of the peak load. The compactness of concrete increases, and it can be approximately assumed that this increase in compactness leads to an equivalent increase in elastic modulus of concrete. 27 Consequently, a constant loading in elastic stress range induces a decrease in amplitude (see Figure 8 ) or an increase in velocity (see Table 4 ) which can be well understood based on wave and acoustoelasticity theory for heterogeneous material. On the other hand, concrete is not an ideal heterogeneous and elastic material. The elastic and creep recovery are not full-recovery after the load is removed. As shown in Figure 10 , these accumulated damages caused by repeated loading and uploading introduce nonlinearity into the linear relation between velocity and stress level which is used to evaluate stress state of polystyrene and glass. 32 Although the ideal velocity of concrete under a specific loading value is constant, repeated loading and unloading causes a decrease in the velocity obtained at early unloading steps. In the second stage, a larger number of cracks in mortar appear and start to expand quickly when the load is at the level of 30%-75% of the peak load. The appearance of crack in this stage is frequent but random. The wave amplitude in this stage is generally significantly less than that control amplitude obtained before loading (see Figure 11 ), but this is not monotonous. It indicates that the increases in the number and size of micro-cracks do not guarantee an increase in attenuation. In the third stage, cracks grow unstably until a through crack is formed, when the concrete is totally crushed. It is observed that, compared with the amplitude, the velocity is more sensitive to the through crack. A sharp decrease occurs in velocity during this stage, as shown in Figure 12 .
Referring to Figures 8, 9 , and 11, the obtained amplitudes of some cases are irregular and unexpected, which have no reasonable explanations to support their developments with load. Generally speaking, there are mainly four factors such as changes in microstructure or cracks, environmental effects, damaging to the wiring, and changes at the interface between the SA and the concrete may cause the change in monitoring signals. According to the stability measure before the test and the examination of crushed concrete specimens, the influence of environmental effects on monitoring signals in this study is relatively small, and the wirings are kept well during the crush process. With regard to the debonding between transducers and the concrete due to stress concentration, this may occur in ITZ between SA and around mortar. But compared with other actual coarse aggregates in concrete, the SA is made with similar raw material of them. Its shape and surface condition are not easier to cause stress concentration than actual coarse aggregates with irregular surface. This is particularly reasonable for the test in this study under axial compressive load. However, even though the debonding between transducers and mortar occurs during loading process, this is a part of damage of concrete when the SA was considered as a part of concrete. Consequently, it can be accepted that the load induced change in microstructure, cracks, or possible debonding in ITZ between SA and mortar mainly causes the change in monitoring signals.
Conclusion
This article presents a study of the influence of load variation on the health monitoring of concrete structures using embedded piezoelectric transducers. Three loading cases were performed and two monitoring indices, that is, amplitude and velocity, were measured and recorded before, during, and after each loading was applied to the monitored concrete specimens. The conclusions are summarized as follows:
1. The load variation, even in the elastic stress range, has a significant impact on the monitoring signals of SA-based monitoring systems which are frequently used in concrete structures. A high level of noise will be introduced into the received signals if the monitored concrete members are in the middle of the loading or unloading stage. The noise may smear the effective information, which makes the identification of the actual condition of concrete members more difficult. 2. The amplitude of the received signals changes significantly with the constant loading time and continues to vary in several hours even after the load was removed. This provides a reference for choosing appropriate baseline of concrete members. The accumulated damage induced by repeated loading and unloading processes does not always appear to reduce the amplitude of sensing signals. The amplitude attenuation is dependent on both the signal frequency and the load history. It is recommended that the amplitude or energy-based damage index analysis should be carefully calibrated if the concrete structures under monitoring suffer from obvious load variation. 3. The velocity of stress wave propagating in concrete is highly stress state dependent. There exists an approximate linear relationship between wave velocity and axial compressive stress level of concrete member under a monotonically increasing load history. However, the repeated uploading processes will introduce obvious nonlinearity into this linear relationship. Under cycling load, it is insufficient to use wave velocity to assess the stress level of concrete members. 4. In this study, the wave propagation path is parallel to the compressive load direction according to the locations of actuator and sensor. That is to say, the propagation path is generally parallel to crack expanding direction, which is less sensitive than vertical cracks based on amplitude or energy attenuation. Future efforts can be placed on the influence of stresses in other directions. 5. It is hard to completely eliminate the environmental noise in the monitoring signals and the intrinsic discreteness of concrete material. These result in the inconsistency of monitoring results among different concrete specimens. However, the influence of axial compressive loading on SA-based monitoring system is clearly observed and some significant trends of the monitoring indices with load variation are obtained. They will be useful for in situ monitoring of concrete structures using embedded piezoelectric transducers.
